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Retinoic acid-inducible gene-I (RIG-I) plays an
important role in antiviral response by recognizing
double-stranded RNA. Here we demonstrate an
unanticipated role of RIG-I in Toll-like receptor
(TLR)-stimulated phagocytosis. Stimulation with
lipopolysaccharide (LPS), a ligand of TLR4, induced
the expression of RIG-I in macrophages. Depletion
of RIG-I by RNAi or gene targeting inhibited the
LPS-induced phagocytosis of bacteria. Cellular
processes involved in phagocytosis, such as small
GTPase Cdc42/Rac1 activation, actin polymeriza-
tion, and actin-regulator Arp2/3 recruitment, were
also impaired in RIG-I-deficient macrophages acti-
vated by LPS. Moreover, RIG-I/ mice were found
to be more susceptible to infection with Escherichia
coli as compared to wild-typemice. Thus, the regula-
tory functions of RIG-I are strikingly broad, including
a role not only in antiviral responses but in antibacte-
rial responses as well.
INTRODUCTION
Bacterial infection is a leading cause of morbidity and mortality.
Phagocytosis of bacteria is an important feature of macrophage-
mediated innate immune response to bacterial infection (Green-
berg and Grinstein, 2002; Underhill and Ozinsky, 2002; Aderem
and Underhill, 1999; Henson et al., 2001a, 2001b), which
involves receptor binding, internalization, and phagosomematu-
ration. Pathogens are detected by macrophages through a
variety of cell surface receptors such as Fc gamma receptors
(FcgRs) and complement receptor 3 (CR3) (Underhill and Ozin-
sky, 2002), which bind ligands present on the surface of the path-
ogen. Ligation of these receptors activates different members of
the Rho GTPase family, which leads to the dynamic and rapid
reorganization of the actin cytoskeleton (Castellano et al.,150 Cell Host & Microbe 6, 150–161, August 20, 2009 ª2009 Elsevi2001; Chimini and Chavrier, 2000). The polymerization of actin
allows for the formation of pseudopodia that engulf the path-
ogen. Once internalized, the phagosome gradually matures by
increasing acidification through fusion with endosomes and,
finally, fusion with lysosomes, which contain hydrolytic enzymes
to destroy the pathogen (Mellman 1990).
In addition to the phagocytic process, activation of macro-
phages by a variety of molecular patterns specific for microbial
pathogens through Toll-like receptors (TLRs) leads to the
production of proinflammatory cytokines (Akira and Takeda,
2004). Lipopolysaccharide (LPS) is an outer-membrane compo-
nent of Gram-negative bacteria that can be recognized by
TLR4 (Poltorak et al., 1998). Recognition of LPS by TLR4
recruits the adaptor molecules myeloid differentiation factor
88 (MyD88), interleukin (IL)-1 receptor-associated kinase
(IRAK), and tumor necrosis factor receptor-associated factor
6 (TRAF6). Recruitment of these adaptors in turn triggers the
activation of multiple intracellular signaling cascades, including
that of extracellular signal-regulated kinases (ERKs), c-Jun
N-terminal kinases (JNKs), p38, and small GTPases. Activation
of these signaling pathways leads to the biosynthesis of a group
of immunoregulatory molecules such as tumor necrosis factor
(TNF), IL-12, and arachidonic acid metabolites (Akira and
Takeda, 2004; Ono and Han, 2000; Beutler and Kruys, 1995).
These mediators are essential for the recruitment and activation
of immunocompetent cells that cooperate in fighting bacterial
infection.
Upon phagocytosis of microbial pathogens, surface TLRs,
such as TLR2 or TLR6, are recruited to the phagosome and
become activated by microbial cell wall components (Ozinsky
et al., 2000; Underhill et al., 1999). Recent studies have shown
that TLRs play an important role in promoting the clearance of
bacteria by upregulating the phagocytic activity of macro-
phages. Activation of TLRs results in enhanced phagocytosis
of E. coli and S. aureus 24 hr after ligand treatment (Doyle
et al., 2004). TLR2/4/ and MyD88/ macrophages exhibit
normal rates of apoptotic cell clearance, but decreased rates
of bacterial clearance within 2 hr of bacterial infection (Blander
and Medzhitov, 2004). Even though it is still an open questioner Inc.
Cell Host & Microbe
Regulation of Phagocytosis by RIG-IFigure 1. TLR4 Ligand Induces Expression
of RIG-I
(A) RAW264.7 macrophage cells were stimulated
with LPS (0.02 mg/ml) for indicated times, and the
RIG-I mRNA level was assessed by RT-PCR.
GAPDH was used as a control.
(B) RAW264.7 cells were stimulated with LPS as in
(A), and the amount of RIG-I protein were analyzed
by western blot analysis using an anti-RIG-I (FL)
Ab, whose specificity was determined by western
blot analysis and confocal staining (Figure S1).
Actin was used as an equal loading control.
(C and D) Induction of RIG-I mRNA or protein in
primary peritoneal macrophages by LPS were
analyzed as in (A) or (B).
(E) RAW264.7 cells were treated with 0.5 mg/ml or
10 mg/ml CHX for 1 hr and then stimulated with
LPS (0.02 mg /ml) for 4 or 6 hr. The amount of
RIG-I mRNA was analyzed as in (A).
(F and G) Induction of RIG-I protein in TLR4-defi-
cient or MyD88-deficient macrophages by LPS
was analyzed as in (B). All the data shown above
are representative of at least three independent
experiments.whether stimulation of TLR2 or TLR4 regulates phagosome
maturation, ligation of TLRs triggers MyD88-dependent sig-
naling through IRAK-4 and p38, leading to the activation of a
number of phagocytic gene expression programs (Blander and
Medzhitov, 2004; Doyle et al., 2004; Yates and Russell, 2005).
More recently, we found that that pretreatment of TLR ligands
enhances the phagocytosis of bacteria through MyD88-inde-
pendent activation of the Rho GTPases Cdc42 and Rac (Kong
and Ge, 2008). These results suggest that TLR ligands may
modulate phagocytosis through multiple mechanisms.
Retinoic acid-inducible gene-I (RIG-I) has recently been iden-
tified as a double-stranded RNA (dsRNA) detector (Yoneyama
et al., 2004; Kato et al., 2005; 2006). RIG-I contains two caspase
recruitment domains (CARDs) and a DExD/H box RNA helicase
domain. The helicase domain of RIG-I possesses intact
ATPase activity and acts specifically in the recognition of dsRNA.
Its CARD domain interacts with Cardif/VISA/IPS-1/MAV-1, a
CARD-containing adaptor protein, transducing the signal to
TANK-binding kinase (TBK1) and inhibitor of nuclear factor kB
kinase (IKK-I) (Kato et al., 2006; Kawai et al., 2005; Seth et al.,
2005; Xu et al., 2005). These kinases phosphorylate transcription
factors interferon (IFN) regulatory factor-3 (IRF-3) and IRF-7,
which coordinately regulate the induction of anti-viral type I inter-
feron production (Meylan et al., 2005; Fitzgerald et al., 2003;
Sharma et al., 2003; Hemmi et al., 2004; Sato et al., 2000; Honda
et al., 2005). In addition to its role in antiviral responses, more
recent studies usingRIG-I knockoutmice have shownRIG-I defi-
ciency results in the frequent occurrence of a colitis-like pheno-
type (Wang et al., 2007). RIG-I has also been shown to play a
critical role in negatively regulating granulocytic proliferation
(Zhang et al., 2008).
In this report, we have examined the role of RIG-I in the phago-
cytic function of macrophages. We found that RIG-I is essential
for TLR4-stimulated phagocytosis of bacteria. RIG-I appears to
facilitate actin polymerization and the associated signaling via
Rac/Cdc42, thereby promoting the phagocytosis of bacteria.Cell HRESULTS
Induction of RIG-I Expression by LPS Stimulation
in Macrophages
It has been shown that RIG-I is induced by interferon, LPS,
poly(I:C), and IL-1 b in various cell types (Imaizumi et al., 2002,
2005; Cui et al., 2004; Sakaki et al., 2005). To examine whether
RIG-I could also be induced by LPS in macrophages, we stimu-
lated RAW264.7, a murine macrophage cell line, and primary
peritoneal macrophages with LPS, and then analyzed the
expression of RIG-I mRNA and RIG-I protein. Stimulation with
LPS markedly increased the levels of RIG-I mRNA and RIG-I
protein in both RAW264.7 cells (Figures 1A and 1B) and primary
peritoneal macrophages (Figures 1C and 1D). Pretreatment of
RAW264.7 cells with cycloheximide (CHX), an inhibitor of protein
synthesis, did not affect the induction of RIG-I mRNA by LPS
(Figure 1E), suggesting that a newly synthesized protein may
not be required for the upregulation of RIG-I by LPS. In addition,
induction of RIG-I by LPS was eliminated in TLR4-deficient
macrophages (Figure 1F), suggesting that the LPS used is of
sufficient purity to be free of contaminant nucleic acids that
may act as inducers of RIG-I expression. In addition, induction
of RIG-I by LPS was still observed in MyD88-deficient macro-
phages (Figure 1G).
Knockdown of RIG-I Specifically Reduces LPS-Induced
Phagocytosis of E. coli
Recent studies have suggested a linkage of TLR signaling with
bacteria phagocytosis (Doyle et al., 2004; Blander and Medzhi-
tov, 2004). Stimulation with LPS markedly enhanced the phago-
cytosis of fluoresecent protein (GFP)-labeled strain of E. coli as
determined either by FACs (Figures 2A–2C; Kong and Ge, 2008)
or by confocal microscopy quantitation (see Figures S2A and
S2B available online). To investigate whether RIG-I plays a
role in phagocytosis, we used siRNA specific for RIG-I to inhibit
endogenous expression of RIG-I. Stable transfection ofost & Microbe 6, 150–161, August 20, 2009 ª2009 Elsevier Inc. 151
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Regulation of Phagocytosis by RIG-IRAW264.7 cells with siRNA specific for RIG-I, but not with
control siRNA, inhibited the expression of RIG-I (Figure 2D).
Interestingly, knockdown of RIG-I by RNAi in RAW264.7 cells
markedly reduced LPS-stimulated phagocytosis of GFP-E.
coli as determined either by FACs (Figure 2E) or by confocal
microscopy quantitation (Figure S2C). To further determine
whether RIG-I is required for maximal binding, ingestion, or
both, RAW264.7 cells were allowed to internalize GFP-E. coli
that has been biotinylated with EZ-link-Sulfo-NHS-Biotin
(Pierce) and then treated with rhodamine-streptavidin. As
shown in Figure S2D, internalized bacteria could be visualized
under GFP (green) optics only, whereas surface-bound bacteria
could be visualized as being positive for rhodamine (red)
(Figure S2D). Knockdown of RIG-I by RNAi in RAW264.7 cells
didn’t affect the amount of surface-bound (rhodamine-positive)
E. coli as determined by FACs analysis (Figure S2E), suggesting
that RIG-I is not required for the binding of bacteria with macro-
phage cells.
Figure 2. RIG-I Is Required for LPS-Induced
Phagocytosis of E. coli in RAW264.7 Macro-
phages
(A) RAW264.7 cells were treated with media or
0.02 mg/ml LPS for 12 hr, mixed with GFP-E. coli
at an MOI of 1, 5, 10, and 20 for 45 min, and then
subjected to FACS analysis. FACS data are repre-
sented as average percentage of positive cells
after LPS stimulation.
(B) RAW 264.7 cells were stimulated with media or
LPS (0.02mg/ml) for 12 hr and then subjected to
phagocytosis of GFP-E. coli at an MOI of 20.
(C) RAW264.7 macrophage cells were treated with
0.02 mg/ml LPS for different time points and then
analyzed for phagocytosis as in (B).
(D) RAW264.7 cells stably transfected with three
RIG-I RNAi constructs, S1, S2, S3, or negative
control RNAi vector were treated with LPS for
12 hr, and expression of RIG-I was detected by
anti-RIG-I (FL).
(E) Shown is phagocytosis analysis of siRNA-
transfected RAW 264.7 cells as in (B).
(F andG) siRNA-transfected RAW264.7 cells were
stimulated with LPS for 12 hr and then subjected
to IL-12 or TNF ELISA analysis. Data shown above
are representative of three experiments (D) or
represent the mean ± SEM of at least three inde-
pendent experiments each performed in triplicate
(A–C, E–G). *p < 0.05.
It has been shown that other TLR
ligands also enhance phagocytosis of
bacteria (Doyle et al., 2004; Kong and
Ge, 2008). Pretreatment of RAW264.7
cells with CpG or poly(I:C) markedly
enhanced the level of RIG-I expression
and also leads to increased uptake of
GFP-E. coli (Figures S3A and S3B).
However, suppression of RIG-I expres-
sion by RNAi markedly reduced CpG- or
poly(I:C)-induced phagocytosis of GFP-
E. coli (Figure S3B). We have also exam-
ined whether RIG-I regulates the produc-
tion of proinflammatory cytokines in macrophages after LPS
stimulation. Stimulation of RAW264.7 macrophages transfected
with RIG-I siRNA produced relatively the same amount of TNF-a
and IL-12 proteins as control RNAi-treated macrophages
(Figures 2F and 2G).
Phagocytosis of E. coli Is Also Defective
in Macrophages from RIG-I/ Mice
We next investigated the role of RIG-I in the phagocytic function
of macrophages by using RIG-I-deficient (RIG-I/) mice (Wang
et al., 2007). Induction of RIG-I in response to LPS stimulation
was not detected in primary peritoneal macrophage cells iso-
lated from these RIG-I-deficient mice (Figure 3A). Like a recently
reported RIG-I gene-targeting model, RIG-I/ fibroblasts also
displayed impaired antiviral responses to vesicular stomatitis
virus (VSV) and Newcastle disease virus (NDV) infection (Kato
et al., 2005; Figures S4A and S4B). LPS stimulation markedly
enhanced phagocytosis of GFP-E. coli by WT macrophages152 Cell Host & Microbe 6, 150–161, August 20, 2009 ª2009 Elsevier Inc.
Cell Host & Microbe
Regulation of Phagocytosis by RIG-IFigure 3. Defective Phagocytosis of E. coli by RIG-I/ Macrophages
(A) Wild-type (WT) or RIG-I/ peritoneal macrophages were stimulated with LPS for indicated times, and cell lysates were analyzed by immunoblot with
anti-RIG-I (FL).
(B) Peritoneal macrophages were treated with media or 0.02 mg/ml LPS for 12 hr; mixed with GFP-E. coli at anMOI of 1, 5, 10, and 20; and then subjected to FACS
analysis.
(C) WT or RIG-I/ peritoneal macrophages were treated with LPS for indicated times and then subjected to phagocytosis of GFP-E. coli at an MOI of 20.
(D) RIG-I/macrophages transfected with empty vector or RIG-I construct were treated with LPS for 12 hr, and expression of RIG-I was detected by anti-RIG-I
(FL).
(E) Shown is phagocytosis analysis of RIG-I/ macrophages transfected with RIG-I construct or empty vector as in (C).
(F–J) WT orRIG-I/macrophages were treatedwith media or LPS for 12 hr and then subjected to phagocytosis of BODIPY-conjugated Gram-positive bacterium
S. aureus, fluorophore-labeled latex beads, FITC-labeled labeled Dextran, IgG-coated erythrocytes (EIgG), or C3bi-coated erythrocytes (EC3bi) in the presence
of 100 ng/ml MSP. Data shown represent one experiment of three (A and D) or are the mean ± SEM of at least three independent experiments each done in trip-
licate (B and C, E–J). *p < 0.05; **p < 0.01.(Figures 3B and 3C), but RIG-I/ macrophages exhibited
marked reduction of phagocytosis of GFP-E. coli compared to
WT (Figure 3C). To investigate whether the observed phenotypeCell Hois due to RIG-I deficiency, we overexpressed RIG-I in macro-
phage cells isolated from RIG-I KO mice and observed an
enhanced phagocytosis of bacteria (Figures 3D and 3E),st & Microbe 6, 150–161, August 20, 2009 ª2009 Elsevier Inc. 153
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Regulation of Phagocytosis by RIG-Isuggesting a direct effect of RIG-I on the phagocytic ability of
macrophage cells. We have also found that LPS stimulation
leads to increased uptake of BODIPY-conjugated Gram-positive
bacterium S. aureus, and the phagocytosis of S. aureus is lower
in RIG-I/ macrophage cells than WT (Figure 3F). In contrast,
pretreatment with LPS did not significantly change the phagocy-
tosis of fluorophore-labeled latex beads, FITC-labeled dextran,
IgG-coated erythrocytes (EIgG), or C3bi-coated erythrocytes
(EC3bi), and the uptake of latex beads, dextran, EIgG, or
EC3bi by RIG-I/ macrophages was relatively similar to that
of WT macrophages (Figures 3G–3J). Thus, RIG-I appears to
be specifically required for LPS-induced phagocytosis of
bacteria.
Previous reports have shown that TLR stimulation upregulates
the expression of phagocytosis-relatedgenes such as scavenger
receptors MARCO and SR-A (Doyle et al., 2004). Using Q-PCR
analysis, we confirmed the induced expression of SR-A and
MARCO by LPS stimulation (Doyle et al., 2004) but found no
significant change in LPS-induced expression of MARCO and
SR-A between WT and RIG-I/ macrophage cells (Figure S5).
Also, RIG-I/ macrophages produced relatively the same
amount of TNF and IL-12 as did WT cells (Figures S6A and S6B).
RIG-I Interacts with F-Actin
We next used the yeast two-hybrid system with a human leuko-
cyte matchmaker cDNA library to search for proteins that
interact with RIG-I. By screening 1.5 3 107 transformants, we
isolated six clones encoding F-actin. The purified GST-RIG-I
protein also bound to F-actin in a high-speed F-actin cosedi-
mentation assay (Figure 4A). In HEK293 cells expressing the
GFP-RIG-I protein, F-actin was found to be immunoprecipitated
together with GFP-RIG-I from cell lysates (Figure 4B). In primary
macrophage cells, LPS stimulation enhanced the association of
endogenous RIG-I with actin (Figure 4C). To analyze intracellular
interaction of RIG-I with actin, primary macrophages pretreated
with LPS were fixed, permeabilized, and stained for RIG-I and
actin. As shown in Figure 4D, RIG-I vigorously accumulated in
membrane ruffles and clearly colocalized with F-actin. Further-
more, RIG-I regions containing acid residues 201–925, 401–
925, and 1–725, but not 1–525, were found to bind or colocalize
with actin, suggesting that RIG-I may bind actin through its heli-
case domain containing residues 525–725 (Figures 4E and 4F,
Figure S7A). We have also found that overexpression of the C-
terminal helicase domain of RIG-I (RIG-IC) resulted in an
enhanced phagocytosis of GFP-E. coli (Figures S7B and S7C).
RIG-I Regulates Actin Distribution
and Actin Polymerization
To examine whether RIG-I affects actin distribution, siRNA-
transfected RAW267.4 cells were stimulated with LPS and then
stained for actin. Suppression of RIG-I expression using RNAi
markedly reduced the LPS-stimulated formation of membrane
ruffles compared to control siRNA-treated RAW267.4 cells
(Figure 5A). For peritoneal macrophages, WT macrophage cells
formed filopodia around the plasma membrane, and stimulation
with LPS resulted in the formation of lamellipodial protrusions
(Williams and Ridley, 2000). However, RIG-I/ macrophage
cells lost filopodial protrusions and failed to show lamellipodial
structure formation after LPS stimulation (Figure 5B).154 Cell Host & Microbe 6, 150–161, August 20, 2009 ª2009 ElseviWe next investigated whether RIG-I affects actin polymeriza-
tion and found that knockdown of RIG-I by RNAi diminished
LPS-induced actin polymerization (Figure 5C). Similarly, LPS-
induced actin polymerization was impaired in RIG-I-deficient
primary macrophages (Figure 5D). Since LPS stimulation (e.g.,
12 hr) induces the expression of RIG-I and the phagocytic ability
of macrophage cells, we next examined whether accumulated
RIG-I affects the actin polymerization. Macrophage cells were
pretreated with media or LPS for 12 hr and then analyzed for
actin polymerization. As shown in Figure 5E, macrophage cells
that were pretreated with LPS exhibited a stronger actin poly-
merization.
RIG-I Regulates Activation of Cdc42/Rac1
Activation of Cdc42 andRac1 promotes actin polymerization and
is essential for phagocytosis of macrophages (Caron and Hall,
1998;Coxetal., 1997;KongandGe,2008). Toexamineapotential
role of RIG-I in the activation of Cdc42 and Rac1, siRNA-trans-
fected RAW264.7 cells were stimulated with LPS and analyzed
for activationof endogenousCdc42andRac1asdescribedprevi-
ously (Kong andGe, 2008). Silencing of RIG-I expression by using
RNAi reduced the amount of both Cdc42-GTP and Rac1-GTP in
thepresenceof LPS (Figure6A).Similarly, LPS-inducedactivation
of these GTPases was substantially reduced in RIG-I/ perito-
neal macrophages (Figure 6B), suggesting that RIG-I is essential
for TLR4-mediated activation of Cdc42/Rac. We next examined
whether the accumulated RIG-I in LPS-stimulated macrophage
cells may contribute to stronger activation of Cdc42/Rac. As
shown in Figure 6C, macrophage cells pretreated with LPS for
12 hr exhibited stronger activation of Cdc42/Rac by second
LPS challenge. However, such activation of Cdc42 and Rac was
substantially reduced in RIG/ macrophage cells (Figure 6D).
We have also investigated whether RIG-I affects other
branches of TLR4 signaling. LPS-induced activation of ERK,
JNK, and p38 or Akt, a known downstream target of PI3K; or
degradation of IkB, an upstream NF-kB regulator, was not
impaired in RIG-I siRNA-transfected RAW264.7 cells or RIG-I-
deficient primary macrophage cells (Figures 6E–6G), suggesting
that RIG-I is not involved in TLR4-mediated activation of MAP
kinases, NF-kB, or PI3K signaling pathways.
Suppression of RIG-I Expression by RNAi Impairs
the Recruitment of Arp2/3 during Bacteria Phagocytosis
Actin-related protein (Arp) 2/3 complex is a downstreamGTPase
effector, which nucleates actin polymerization (Ma et al., 1998)
and is recruited to phagosomes during phagocytosis. To further
determine the role of RIG-I in TLR4-stimulated phagocytosis of
bacteria, we examined the recruitment of p34-Arc, a subunit of
the Arp2/3 complex, to visualize Arp2/3 recruitment. RAW264.7
cells treated with RIG-I siRNA or control siRNA were incubated
with GFP-E. coli and then stained with anti-p34-Arc antibody
followed by Alexa Fluor 568-conjugated goat anti-mouse anti-
bodies (red). Quantitation (%) of p34-Arc staining was performed
by counting 200 cells. As shown in Figures S8A and S8B, recruit-
ment of p34-Arc to GFP-E. coli phagosomes was significantly
decreased in RIG-I siRNA-treated cells as compared to control
siRNA-treated cells. These results suggest that RIG-I is required
for Arp2/3 recruitment and actin nucleation during TLR-stimu-
lated phagocytosis.er Inc.
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Regulation of Phagocytosis by RIG-IFigure 4. Interaction of RIG-I with F-Actin
(A) In vitro high-speed F-actin cosedimentation assay of recombinant GST-RIG-I protein. S, supernatant; P, precipitate; T, total mixture.
(B) Cell lysates from HEK293T cells expressing GFP-RIG-I or GFP were immunoprecipitated (IP) with anti-GFP, and the immunoprecipitates were analyzed by
immunoblot (IB) with anti-actin Ab.
(C) Cell lysates of LPS-stimulated primarymacrophages were immunoprecipitated with anti-actin and analyzed by immunoblot with anti-RIG-I (FL) and anti-actin.
(D) Primary macrophage cells pretreated with LPS (0.02 mg/ml) for 12 hr were fixed, permeabilized, and stained with anti-RIG-I(C-15) (green) and phalloidin (red).
Stained cells were analyzed by laser scanning confocal microscopy.
(E) RIG-I deletion mutants. Cell lysates of LPS-stimulated primary macrophages were immunoprecipitated with anti-actin and analyzed by immunoblot with
anti-RIG-I (FL) and anti-actin.
(F) IP and IB analysis of cell lysates from HEK293T cells expressing different RIG-I deletion mutants. All data shown are representative of at least three indepen-
dent experiments.RIG-I/ Mice Demonstrate Enhanced Susceptibility
to E. coli Infection
To assess the in vivo involvement of RIG-I in bacterial infection,
we established a sepsis peritonitis model in which mortality
occurs predominantly between 18 and 24 hr after E. coli chal-
lenge (Weijer et al., 2003). Analysis of mRNA transcripts isolated
from the peritoneal macrophages of mice challenged with E. coli
showed that RIG-I/ mice produced relatively the same
amounts of Tnf (TNF), Il6 (IL-6), and Il12 (IL-12) mRNAs as did
WT mice (Figure 7A). Consistent with that finding, RIG-I/
mice had relatively equivalent levels of TNF and IL-12 proteins
in their peritoneal fluid as compared with WT mice (Figure 7B).Cell HHowever, at 7 or 20 hr postinfection with 104 CFU of E. coli,
RIG-I/ mice displayed more (10-fold) bacteria in the perito-
neal lavage fluid than did WT mice (Figure 7C), indicating defec-
tive bacterial clearance in the RIG-I/ mice. We have also
examined phagocyte cell counts in peritoneal lavage fluid at 6
and 20 hr postinfeciton, and we found that RIG-I/ mice had
similar macrophage or neutrophil counts in their peritoneal fluid
as did WT mice (Figure S9). To examine the effect of RIG-I on
survival, RIG-I/ mice and WT mice were infected with 104
CFU of E. coli and observed for 4 days. Six of ten WT mice
(60%) survived 100 hr after infection, whereas only 20%
RIG-I/ mice (two of ten mice) survived (Figure 7D), indicatingost & Microbe 6, 150–161, August 20, 2009 ª2009 Elsevier Inc. 155
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Regulation of Phagocytosis by RIG-IFigure 5. Impaired Actin Distribution and Actin Polymerization in RIG-I-Deficient Macrophages
(A) RAW264.7 cells transfected with siRNAs were stimulated with media or LPS (0.02 mg/ml) for 24 hr and stained with anti-RIG-I (FL) (green) and phalloidin (red).
Cells were examined by laser-scanning confocal microscopy, and representative cells are shown.
(B) Shown is confocal microscopy analysis of WT or RIG-I/ peritoneal macrophages treated with media or LPS as in Figure 4F.
(C) siRNA-transfected RAW264.7macrophage cells were treated with LPS for indicated time periods and analyzed for their actin polymerization. F-actin ratio was
calculated as (F-actin in activated cells background)/(F-actin in unstimulated cells background). The value of background is the relative fluorescence ofmeth-
anol.
(D) WT or RIG-I/ macrophages were stimulated with media or LPS and then analyzed for their actin polymerization as described in (C).
(E) RAW264.7 cells were first pretreated with media or LPS for 12 hr and then stimulated with LPS for 30 min. Actin polymerization was analyzed as in (C). Data
shown represent one experiment of three (A and B) or are the mean ± SEM of at least three independent experiments each performed in triplicate (C–E). *p < 0.05.that RIG-I/ mice are more susceptible to E. coli infection than
are wild-type mice.
To further explore whether the increased bacterial load of
RIG/ mice after bacterial sepsis was due to cell-autonomous
or microenvironment alterations, we transplanted bone marrow
(BM) cells from wild-type and RIG-deficient mice into lethally
irradiated wild-type littermates and then infected them with
E. coli. As indicated in Figure 7E, mice transplanted with
RIG-I/BM showedmuch higher E. coli levels in their peritoneal
lavage fluid than those receiving wild-type BM. In addition, the
mice that received RIG-I/ BM survived at a lower rate than
those receiving WT BM (Figure 7F), suggesting a direct effect
of RIG-I deficiency upon mouse susceptibility to E. coli infection.
DISCUSSION
The innate immune system relies upon TLRs and helicase family
members to recognize a variety of molecular patterns specific for
viruses and bacteria (Akira et al., 2006; Hargreaves and Medzhi-
tov, 2005). TLR4 recognizes LPS, an outer-membrane compo-
nent of Gram-negative bacteria, whereas RIG-I has recently
been identified as a dsRNA detector. Originally, RIG-I was found
to be induced in the acute promyelocytic leukemia cell line NB4
during ATRA-induced cell differentiation (Sun, 1997). It has also156 Cell Host & Microbe 6, 150–161, August 20, 2009 ª2009 Elseviebeen reported that expression of RIG-I is upregulated by LPS,
poly(I:C), and interferon in various cell types (Imaizumi et al.,
2002; Cui et al., 2004; Sakaki et al., 2005; Imaizumi et al.,
2005; Kato et al., 2005). However, the functional role of RIG-I
in these cellular processes remains largely unknown. In this
report, we have shown that RIG-I induction by LPS plays an
important role in the phagocytic function of macrophages. This
is conclusively demonstrated by reduced phagocytosis of
E. coli by RIG-I-deficient macrophages when activated by LPS.
Cdc42/Rac1 activation and actin polymerization were also
impaired in RIG-I-deficient macrophages after LPS activation.
Notably, mice lacking RIG-I exhibited a reduced threshold to
lethal E. coli challenge. Thus, our findings indicate an essential
role for RIG-I in antibacterial innate immune response.
As one major component of innate immune system, macro-
phage cells play a pivotal role in host immune responses to
microbial infection through phagocytosis and subsequent
degradation of pathogens (Greenberg and Grinstein, 2002).
Recent studies have shown that ligation of TLRs promotes
bacterial phagocytosis through aMyD88-p38 signaling pathway,
suggesting a linkage of TLR signaling with bacteria phagocytosis
(Doyle et al., 2004; Blander and Medzhitov, 2004). However,
another study demonstrated that phagosomematuration is inde-
pendent of stimulation of TLR2 or TLR4 (Yates and Russell,r Inc.
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Regulation of Phagocytosis by RIG-IFigure 6. RIG-I Is Required for LPS-Stimulated Activation of Cdc42/Rac1
(A) siRNA-transfected RAW264.7 cells were stimulated with LPS for indicated times and then analyzed for GTP-bound forms of Cdc42 or Rac1with anti-Cdc42 or
anti-Rac1 antibodies. Lysates were included to assess total Cdc42 and Rac1.
(B) WT and RIG-I/ peritoneal macrophages were treated with media or LPS (0.02 mg/ml) for the time periods indicated and then analyzed for active forms of
Cdc42 and Rac1 as in (A).
(C) RAW264.7 cells were first pretreated with media or LPS for 12 hr and then stimulated with LPS for indicated times. Activation of Cdc42 or Rac1 was
analyzed in (A).
(D) Activation of Cdc42 and Rac1 by LPS in WT and RIG-I/ peritoneal macrophages was analyzed as in (C).
(E and F) siRNA-transfected RAW264.7 cells were treated with LPS (0.02 mg/ml) for the indicated times. Cell lysates were analyzed by immunoblot with anti-phos-
pho-ERK, -JNK, -p38, -AKT, anti-RIG-I, and anti-IkB. Akt was used as a loading control.
(G) Activation of ERK, JNK, p38, and Akt by LPS inWT orRIG-I/ pertitoneal macrophages were analyzed as in (E). p38 was used as a loading control All data are
representative of at least four independent experiments.2005). Such discrepancies regarding the involvement of TLRs in
phagocytosis could be due to different experimental designs and
interpretations of results. In our study, we have shown that stim-
ulation of TLR4 induced the expression of RIG-I and that elimina-
tion of RIG-I markedly reduced the LPS-promoted phagocytosis
of E. coli by macrophages. Interestingly, induction of RIG-I by
TLR4 was unaffected in MyD88-deficient macrophage cells.
Thus, the involvement of RIG-I in TLR4-stimulated phagocytosis
may provide an alternative to the MyD88-p38 signaling pathway.
Small GTPases Cdc42/Rac1 is widely known as a critical regu-
lator of actin cytoskeletal rearrangements that are required for
phagocytosis (Caron and Hall, 1998; Cox et al., 1997). Analysis
of signaling pathways revealed that RIG-I is essential for the acti-
vation of Cdc42/Rac1 in response to LPS stimulation. Loss of
RIG-I inhibits the actin polymerization and actin distribution
both in primary macrophages and in macrophage cell lines after
LPS stimulation. Moreover, we have found that the recruitment
of Arp2/3 complex, a known downstream effector of Rac and
an actin nucleator, was also impaired in RIG-I-deficient macro-
phages. These results suggest that RIG-I controls phagocytosis
through regulating the activation of Cdc42/Rac1, Arp2/3 recruit-Cell Hment, and subsequent actin reorganization in LPS-treated
macrophages. How does RIG-I regulate the activation of
Cdc42 and Rac1? We have previously reported that actin is
required for the LPS-induced activation of Cdc42/Rac (Kong
and Ge, 2008). A very recent study by Mukherjee et al. demon-
strated that RIG-I colocalizes with actin, and overexpression of
RIG-I results in enhanced wound healing (Mukherjee et al.,
2009). Combining with our findings that RIG-I associates with
actin, we speculate that activation of TLR4 induces the expres-
sion of RIG-I, whose interaction with actin may lead to the acti-
vation of Cdc42/Rac. Activated Cdc42/Rac further regulates
the recruitment of Arp2/3 and subsequent actin reorganization
in LPS-treated macrophages (Figure S10). Still, how the RIG-I/
Actin complex functions in stimulating the activation of Rac1
and Cdc42 requires further investigation. Engagement of TLR4
by LPS also triggers the activation of MAP kinases including
ERK, JNK, and p38. However, RIG-I is not essential for activation
of these MAP kinases. Previous findings by Kato et al. have also
indicated the normal activation of NF-kB and production of cyto-
kines IP-10 and IL-6 in RIG-I-deficient fibroblasts in response
to LPS stimulation (Kato et al., 2005). Consistent with this,ost & Microbe 6, 150–161, August 20, 2009 ª2009 Elsevier Inc. 157
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Regulation of Phagocytosis by RIG-IFigure 7. RIG-I/ Mice Are More Susceptible to E. coli Infection than Wild-Type Mice
(A) Quantitative real-time RT-PCR of relative Tnf, Il6, Il12 mRNA in peritoneal macrophages from WT mice (n = 5) or RIG-I/ mice (n = 5) infected with E. coli,
assessed 6 hr after infection.
(B) ELISA of TNF and IL-12 in peritoneal fluid from the same mice as above.
(C) The E. coli cell count in peritoneal lavage fluid fromWT orRIG-I/mice 7 or 20 hr after i.p. administration of 104 CFU/mouse of E. coli is shown. Solid symbols
represent WT mice; open symbols represent RIG-I/mice. Horizontal lines represent medians.
(D) Survival rate of WT and RIG-I/ mice infected i.p. with E. coli (104 CFU; n = 10 per group) and then monitored for up to 100 hr.
(E) The E. coli cell count in peritoneal lavage fluid from mice transplanted with BM from WT or RIG-I/ mice 20 hr after i.p. administration of 104 CFU/mouse of
E. coli.
(F) Survival of mice transplanted with BM fromWT orRIG-I/mice infected i.p. with E. coli (108 CFU; n = 10 per group). Data shown represent the mean ± SEM of
at least three independent experiments, each performed in triplicate (A, B, and E) or represent one experiment of three (C, D, and F). *p < 0.05; **p < 0.01.production of proinflammatory cytokines such as TNF and IL-12
was also unaffected by RIG-I deficiency. Thus, RIG-I appears to
be a critical regulator for the LPS-induced activation of Cdc42/
Rac1, but not of MAP kinases.
In our experiments, macrophage cells were pretreated with
media or LPS for 12 hr and then subjected to phagocytosis of
GFP-E. coli for different time points. Our data demonstrate that
stimulation of LPS (12 hr) not only induces the expression of
RIG-I in macrophage cells but also enhances the phagocytosis
of bacteria. Also, stronger activation of Cdc42/Rac and more
actin polymerization upon LPS challenge has been observed in
LPS-pretreated (12 hr) macrophage cells compared to that of
mock-pretreated cells. We have also compared the activation
of Cdc42 and Rac in RIG-I-deficient macrophages cells with
WT cells after 12 hr of LPS stimulation and found that LPS-stim-
ulated activation of Cdc42 and Rac was substantially reduced in
RIG-KO macrophage cells. It is likely that the more accumulated
RIG-I in LPS-pretreated macrophage cells may contribute to
stronger activation of Cdc42/Rac and more actin polymerization
subsequently triggered by cell wall components (LPS or PGN) of
bacteria, but not by latex beads, leading to enhanced phagocy-
tosis of bacteria. This could also help to explain why the phago-
cytosis of bacteria, but not of latex beads, is affected by RIG-I
deficiency.
Taken together, these results demonstrate an essential role of
RIG-I in the phagocytosis of bacteria, suggesting that activation
of TLRs may regulate phagocytosis through different pathways.158 Cell Host & Microbe 6, 150–161, August 20, 2009 ª2009 ElsevieAlso, our results indicate that RIG-I plays an essential role in both
antiviral and antibacterial responses, but through differentmech-
anisms (Figure S10). The former acts through the recognition of
dsRNA and subsequent recruitment of the signaling adaptor
protein Cardif/VISA/IPS-1/MAV-1 to induce the production of
antiviral interferons, and the latter through the binding of actin
and subsequent activation of Cdc42/Rac1 signaling to regulate
the phagocytosis of bacteria. Furthermore, induction of RIG-I
by LPS stimulation provides a critical link between TLR4
signaling and the RIG-I pathway. Thus, the involvement of
RIG-I in both antiviral and antibacterial responses represents a
strikingly broad regulatory mechanism critical for innate immune
responses to microbial infection.
EXPERIMENTAL PROCEDURES
Cell Culture and Reagents
Murine macrophage cell line RAW264.7(RAW) and HEK293T cells were main-
tained in Dulbecco’s modified Eagle’s medium supplemented with 10% (V/V)
heat-inactivated fetal bovine serum (FBS), 100 U/ml penicillin G, and strepto-
mycin in a humidified 37C, 5% CO2 incubator. LPS (E. coli) was purchased
from Sigma (St. Louis, MO), DMEM, FBS from GIBCO BRL (Mississauga,
ON), and rhodamine-phalloidin from Molecular Probes (Eugene, OR). Sephar-
ose G plus protein was obtained from Amersham (Amersham Pharmacia
Biotech, Inc). Mouse polyclonal antibody against RIG-I (anti-RIG-I [FL]) was
prepared by immunizing mice with a glutathione S-transferase (GST)-RIG-I
fusion protein encompassing full-length human RIG-I. Affinity purification
was achieved by passing the crude serum through a column containing the
immunogen immobilized on glutathione Sepharose beads (Amershamr Inc.
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sc-48929) was purchased from Santa Cruz Biotechnology. Specificity of
anti-RIG-I was determined by western blot analysis and confocal staining
(Figure S1). Rabbit monoclonal anti-actin antibody and mouse monoclonal
anti-GFP antibody were obtained from Sigma-Aldrich (St. Louis, MO) and
FITC-goat anti-mouse IgG (1:100) from Jackson ImmunoResearch Laborato-
ries (West Grove, PA).
Animals and Peritoneal Macrophage Isolation
RIG-I–/– and wild-type mice were obtained from the Laboratory of Genetic
Engineering (Sanghai Institutes for Biological Sciences, China; Wang et al.,
2007). TLR4–/– and MyD88/– mice were obtained from Institut Pasteur, Paris
(France), were originally from Professor S. Akira (Osaka University, Osaka,
Japan), and were backcrossed eight times with C57BL/6 to ensure similar
genetic backgrounds. C57/BL6 mice from which these mice were derived
were used as the control mice. These latter mice were supplied by SLAC labo-
ratory animal center (Shanghai, China). All of the mice were used between the
ages of 6 and 8 weeks. Peritoneal macrophages were isolated as described
previously (Kong and Ge, 2008).
In Vitro F-Actin Binding Assay
High-speed F-actin cosedimentation assay was performed as described
previously (Liu et al., 2006) with some modification. Rabbit skeletal muscle
actin (4 mM) (Sigma) was incubated in F-actin buffer containing 20 mM imid-
azole (pH 7.0), 50 mM KCl, 1 mM DTT, 5 mM ATP, 2 nM MgCl, and 5 mM
CaCl2 for 40 min at 25
C to allow polymerization to F-actin. Purified RIG-I
(3 mg) was incubated with F-actin for 40min at 25C. Subsequently, themixture
was ultracentrifuged at 100,000 3 g for 30 min at 4C. After washing, the
pellets were reultracentrifuged at 100,000 3 g for 30 min at 4C (step 2). The
supernatants for step 1 (S), the pellets from step 2 (P), and total reaction
mixture (T) were solubilized in equal volumes of SDS-loading buffer and
resolved on SDS-PAGE followed by staining with Coomassie brilliant blue
R-250.
cDNA Cloning and Construction of Expression Vectors
HumanRIG-I cDNAwasprepared from the total RNAof healthy adult peripheral
lymphocytes. The total RNAwas reverse transcribedandamplifiedbyPCRwith
sense primer 50-ATAAGCTTATGACCACCGAGCAGCGAC-30 and antisense
primer 50-ATGCGGCCGCATTTTGGACATTTCTGCTGG-30 (HindIII and NotI
sites are underlined). PCR products were ligated into pcDNA3EGFP-N to yield
EGFP-RIG-I (1–2775 bp). EGFP-RIG-I was then used as template to construct
deletion mutants of EGFP-RIG-I by PCR. All constructs were confirmed by
sequencing.
RT-PCR Analysis
Total RNA was extracted from the cells using an RNeasy kit, and first-strand
cDNA was synthesized from 2.5 mg of total RNA using M-Mulv reverse tran-
scriptase and primer oligo(dT) 12–18. Primers for RIG-I and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH)were as follows: RIG-I-U (50-GTCGCTG
ATGAAGGCATTG-30 ), RIG-I-L (50-CGAACGTCTTGTATCTCAC-30), GAPDH-U
(50-CCACCCATGGCAAATTCCATGGCA-30), and GAPDH-L (50-TCTAGACGG
CAGGTCAGGTCCACC-30). Primers for TNF-a, IL-12a, and IL-6 were as
follows: TNF-a-U (50-ATGGATCCACCATGAGCACAGAAAGC-30), TNF-a-L
(50-ATGAATTCTCACAGAGCAATGACTCC-30), IL-12a-U (50-TCAATCACGCTA
CCTCCTC-30), IL-12a-L (50-CAGAGCTTCATTTTCACTC-30), IL-6-U (50-CAGAA
ACCGCTATGAAGTTCCTC-30), and IL-6-L (50-GAAATTTTCAATAGGCAAATT
TCCTG-30). Amplification for RIG-I, GAPDH, TNF-a, IL-12a, and IL- 6 utilized
30, 30, 30, 35, and 30 cycles, respectively. The products were resolved on a
1.0% agarose gel that was stained with ethidium bromide.
Transfection and RNAi
RAW264.7 macrophage or primary peritoneal macrophage cells were trans-
fected using the Amaxa Nucleofector apparatus (Amaxa Biosystems) accord-
ing to the manufacturer’s instructions. Human RIG-I cDNA was prepared from
the total RNA of healthy adult peripheral lymphocytes. The total RNA was
reverse transcribed and amplified by PCR with sense primer 50-ATAAGCTTAT
GACCACCGAGCAGCGAC-30 and antisense primer 50-ATGCGGCCGCATTT
TGGACATTTCTGCTGG-30 (HindIII and NotI sites are underlined). PCR prod-Cell Houcts were ligated into pcDNA3EGFP-N to yield EGFP-RIG-I (1–2775 bp).
EGFP-RIG-I was then used as template to construct deletion mutants of
EGFP-RIG-I by PCR. All constructs were confirmed by sequencing. Plasmids
pEF-flagRIG-I, pEF-flagRIG-IC, and pEF-flagRIG-IN were kindly provided by
Dr. Takashi Fujita (Kyoto University, from Japan, 18). The target sequences
of siRNA for mouse RIG-I is as follows: S1, 50-AAAATTCATCAGAGATAGTCA
A-30; S2, 50-GCCATCGAAAGTTGGGACT-30; 50-GCCCATTGAAACCAAGAAA
TT-30. The scrambled negative control siRNA was 50-GTCCCAAGTGCGGTAT
AGA-30. The annealed oligonucleotides were ligated into RNAi vector pSilence
(Ambion).
Cell Staining and Confocal Microscopy
Macrophages cultured on coverslips were stimulated with LPS as described
above. After fixation with 3.7% formaldehyde for 10 min at room temperature,
cells were washed with PBS and permeabilized with PBS containing 0.1%
Triton X-100 for 5 min. The cells were blocked with PBS containing 1% BSA
(blocking buffer) for 15 min and incubated with anti-RIG-I antibody in blocking
buffer for 2 hr at room temperature. After washing with PBS, the cells were
incubated for 1 hr with secondary antibodies, FITC-conjugated anti-mouse,
or goat IgG (Molecular Probes, 1:100). To visualize F-actin, 2 units/ml rhoda-
mine-phalloidin (Molecular Probes) were incubated together with the
secondary antibodies. After washing, the cells were examined under a Leica
TCS SP2 confocal microscope with analytical software.
Phagocytosis Analysis
Bacterial phagocytosis by macrophages was examined as described previ-
ously (Kong and Ge, 2008). Experiments using fluorophore-labeled latex
beads (Molecular Probes) were performed in a similar fashion at an MOI of
1. Phagocytosis of Dextran was performed as described (Marion et al.,
2000). For IgG opsonization, erythrocytes (sheep red blood cells, Sigma)
were incubated for 1 hr with a subagglutinating titer of IgG antisheep erythro-
cyte antibody (Sigma Chemical Co.) at 37C with gentle rotation. For C3bi
opsonization, erythrocytes were incubated with a subagglutinating titer of
IgM anti-SRBC antibody (Serotec, Oxford, UK) for 1 hr followed by 30min incu-
bation with C5-deficient serum (Sigma Chemical Co.) at 37C. After allowing
phagocytosis to proceed at 37C for 1 hr, for phagocytosis, opsonized eryth-
rocytes were added to the macrophages at a final concentration of 5 3 105
erythrocytes/well for 1 hr at 37C. Complement-mediated phagocytosis was
then initiated with the addition of 100 ng/ml MSP (R&D Systems, Minneapolis,
MN). After allowing phagocytosis to proceed at 37C for 1 hr, macrophage
cells were washed twice with phosphate-buffered saline (PBS), and ammo-
nium chloride lysis buffer (0.16 M NH4Cl, 0.01 M KHCO3, 0.001 M EDTA [pH
7.4]) was added for 2 min. The number of macrophages with phagocytosed
SRBCs was scored under light microscopy. Results were expressed as the
phagocytic index (PI, number of ingested SRBC per 100 cells multiplied by
the percentage of phagocytic cells).
Induction of Peritonitis and Determination of Bacterial Outgrowth
Peritonitis was induced as described previously (Weijer et al., 2003). Briefly,
E. coli strain top 10 were grown up from a single colony in Luria Bertani, har-
vested at mid-log phase, and washed twice with sterile saline before injection
to clear the bacteria of medium. Mice were injected i.p. with 104 or 108 CFU of
E. coli in 1.0 ml PBS. Control mice were injected i.p. with an equal volume of
PBS. Mice were monitored for survival for the ensuing 24 hr. To determine
bacterial outgrowth, serial 10-fold dilutions of peritoneal lavage were made
in sterile saline, and 50 ml volumes were plated onto Luria Bertani agar plates.
The plates were incubated at 37C under 5% CO2, and CFUs were counted
after 16 hr.
Transplantation of RIG-I Knockout or Wild-Type BM Cells
BM cells were isolated from wild-type or RIG-I–/– mice and washed in PBS
once. Trypan blue-excluding cells (5 3 105) were injected into the tail vein of
persyngeneic recipients that had received a split 10 Gy whole-body g-ray irra-
diation for 129S3 mice. The mice were bred in the animal facility of Shanghai
Jao-Tong University School of Medicine and provided with sterilized water
and food. After 4 weeks, peritonitis was induced as described above.st & Microbe 6, 150–161, August 20, 2009 ª2009 Elsevier Inc. 159
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Cells (105) were stimulated with 0.02 mg/ml LPS for 16 hr. Culture supernatants
were collected and analyzed for IL-12 and TNF-awith enzyme-linked immuno-
sorbent assay according to the manufacturer’s instructions (R&D Systems).
Statistical Analysis
All data are expressed as mean ± SEM. Differences between groups were
analyzed by the Student’s t test. Values of p < 0.05 were considered to repre-
sent a statistically significant difference.
SUPPLEMENTAL DATA
Supplemental Data include ten figures and canbe foundwith this article online at
http://www.cell.com/cell-host-microbe/supplemental/S1931-3128(09)00252-2.
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